Cryopreservation (Cryo) of a graft is a standard procedure in autologous hematopoietic stem cell transplantation (HSCT), however there is a lack of studies on the safety and efficacy of allogeneic HSCT with cryopreserved graft. We have conducted a pair-matched study in 81 patients transplanted with frozen graft and compared them to 81 control patients with fresh cell graft. The groups were matched by age, disease type and stage, conditioning, donor type, graft-versus-host disease (GVHD) prophylaxis and number of CD34-postive cells in the graft. The study group comprised 83% unrelated HSCTs, 72% of peripheral blood stem cell recipients and 40% of salvage patients. No differences were observed between the Cryo and control group in the incidence of grade II-IV acute GVHD (39% vs 37%, p=0.89), moderate and severe chronic GVHD (29% vs 30%, p=0.39), overall survival (37% vs 44%, p=0.24), event-free survival (35% vs 40%, p=0.38) and GVHD-relapse-free survival (19% vs 25% , p=0.20), respectively. However, non-relapse mortality (NRM) was significantly higher in the Cryo group (45% vs 28%, p=0.015), which was compensated by reduced relapse incidence (21% vs 34%, p=0.048).
Introduction
Hematopoietic stem cell transplantation (HSCT) is a rapidly developing method for the treatment of various malignant and non-malignant diseases [1] . However, it requires synchronization between donor preparation to donation, conditioning regimen, donation and graft-versus-host disease (GVHD) prophylaxis. Thus situations occur, like unexpected infection in a recipient or fulminate relapse of the underling disease, when there is a dilemma whether to transplant a patient with these unexpected conditions or postpone the transplant and administer appropriate treatment . It is well known that grafting in relapse is the worst predictive factor for long-term survival [2] . On the other hand, active infections at the start of the conditioning also impact the outcome adversely [3, 4] . Thus in the majority of cases like these the decision is made to postpone the HSCT, however this is not possible in certain situations with unrelated donors, and also when a related donor has started the stimulation with granulocyte-colony stimulating factor. In these case the graft is usually cryopreserved before infusion.
The other situation leading to cryopreservation is the poor graft cellularity collected from a donor. It is well known that low number of CD3 and CD34-positive cells in the graft significantly affect the incidence of primary graft failure and poor graft function after HSCT, which are associated with significant non-relapse mortality [5, 6] . Unlike the related setting when CD34-selected boost could be collected after unrelated transplantation this might be difficult due to donor decision or logistics. Thus several centers prefer to receive and access the graft quality before the start of the conditioning, and then transfuse the cryopreserved graft.
Despite the safe use of freezing stage during autologous HSCT procedure, there is a lack of large comparative studies evaluating the effects of graft cryopreservation on the outcome of allogeneic HSCT. Despite the evidence that engraftment of the cryopreserved bone marrow is comparable [7, 8] , there are reports that the risk of graft failure is increased with frozen peripheral blood stem cell (PBSC) graft [9] , or the risk of the GVHD might be altered after thawing [10, 11] . We conducted a single-institution pair-matched retrospective study to evaluate the impact of graft cryopreservation on the outcomes and toxicity of allogeneic stem cell transplantation.
Patients and Methods
Patients and transplantation procedures 162 patients transplanted in 2006-2017 at the I. Pavlov First St. Petersburg State Medical University were included into the study. All patients signed informed consent for the use of their medical data for research purposes, according to the Helsinki Declaration. 81 patients received the cryopreserved graft. The graft was stored with 10% DMSO at -180⁰C until the day of the transplant. The reasons for freezing were: infection before the start of the conditioning (38.3%), relapse of the underlying disease (32.2%), unavailability of a related donor at the time of HSCT (17.2%), availability of the cryopreserved graft after the first donation due to restriction of CD34 cell count (11.1%), pregnancy before the conditioning (1.2%). The study group (Cryo group) comprised predominantly adult patients with unrelated donors, leukemia as an underlying disease and reduced intensity conditioning. The study group was represented by high-risk disease with 42% of patients having DRI 3 or 4 and active disease in 40% of patients. The control group (native group) comprised 81 pairmatched patients. The criteria for matching were type of the donor, graft source (bone marrow or PBSC), diagnosis, stage of the disease at the time of the performed HSCT, intensity of the conditioning, age ±5 years, CD34 count ± 1x10 6 /kg and graft versus host disease prophylaxis. The significance of the matching factors was in the order listed above. The resulting groups were well matched and were not significantly different in any of the patient-or transplantation-related factors ( Table 1 ). Median follow up was 25 months, thus the two year outcomes were used in the study.
Transplantation procedures
Myeloablative conditioning (MAC) was performed with oral busulfan 16 mg/kg and cyclophosphamide 100-120 mg/kg. Reduced intensity conditioning (RIC) was performed with fludarabine 180 mg/m 2 and busulfan 8-10 mg/kg. Patients were assigned to RIC if they were 40 years or older, had hematopoietic cell transplantation-specific comorbidity index (HCT-CI)≥2, exbited, at least, grade 3 hepatic toxicity during previous therapy, or uncontrolled infection at the start of the conditioning. Patients subjected to second HSCT also received RIC.
GVHD prophylaxis in the post-transplantation cyclophosphamide (PTCy) group consisted of cyclophosphamide (50 mg/kg) administered at days +3, +4, tacrolimus 0.03 mg/kg and mycophenolate mofetil (MMF) 30-45 mg/kg from day +5. The classical GVHD prophylaxis included either tacrolimus with target concentrations of 5-15 ng/ml, or cyclosporine A with target concentrations of 150-350 ng/ml from day -1. As second agents in the prophylaxis regimen we used short-course methotrexate 10-15 mg/m 2 at days +1, +3, +6 or mycophenolate mofetil (MMF) 30 mg/kg from day -1 to day +30.
Clinical definitions
Time to disease relapse, acute GVHD (aGVHD), moderate to severe chronic GVHD (cGVHD), non-relapse mortality (NRM), overall survival (OS), event-free survival (EFS), and GVHD-relapse free survival (GRFS) were defined as the time from transplantation to the event. All these parameters were calculated for the two-year interval. Incidence of aG-VHD was calculated at 125 days after HSCT, and the time frame for the other outcomes was two years. Events for EFS were relapse or death. Events for GRFS were either death, relapse, grades III-IV acute GVHD or systemic therapy-requiring chronic GVHD. The Consensus Conference criteria and NIH criteria were used for aGVHD and cGVHD grading, respectively [12, 13] . Primary graft failure was defined as the complete absence of donor chimerism in bone marrow biopsy by day +40. Time to engraftment was calculated as time from HSCT to unsupported neutrophil count > 500/ul and white blood cell count >1000/ul for 3 consecutive days. Toxicity was assessed with CTCAE ver. 4.03. Sepsis in the study was defined as systemic inflammatory reaction with microbiologically confirmed bacteremia. The risk of the disease was accessed with disease risk index (DRI) by Armand et al. [14] .
Statistical Analysis
Comparison between the groups was performed by Chisquare test. The comparison of the quantitative parameters between groups were preformed with log-normalized t-test. The survival distributions for OS, EFS, GRFS were calculated using Kaplan-Meier methodology. The comparisons were made using the log-rank test. Cumulative incidence analysis with competing risks for aGVHD, cGVHD, relapse incidence and NRM was performed using Gray test. Relapse and NRM were accounted as competing risks. Early discontinuation of immunosuppression due to relapse or minimal residual disease was considered a competing risk for aGVHD. Donor lymphocyte infusion was considered a competing risk for cGVHD. Multivariate analysis was not performed, because patients were matched by the majority of significant variables. The subgroup analysis was performed for OS. Hetero-geneities between the hazard ratios in the subgroup analysis were tested for significance using the Cochran's Q test, with df degrees of freedom. Incidence and severity of complications were compared using Mann-Whitney test. Analyses were conducted in SAS 9.3 (SAS Institute, Inc.).
Results

Engraftment
There was a trend towards higher incidence of graft failure in the Cryo group (15.7% vs 6.3%, p=0.0588). When the graft source was analyzed separately, there was a significant increase in graft failure for BM (26% vs 0%, p=0.025), but no difference for peripheral blood (12% vs 9%, p=0.483). Among patients who engrafted there was no difference for the time of neutrophil engraftment (median 19 vs 18 days, p=0.345 in the Cryo and control groups, respectively), white blood cell recovery (18 vs 16 days, p=0.419) and platelet engraftment (17 vs 14 days, p=0.442).
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No differences were observed in the incidence of acute GVHD grade II-IV (39%, 95%CI 28-50% vs 37%, 95%CI 26-48% in the Cryo and control groups, respectively, p=0.8865, Fig. 1A ) and grade III-IV acute GVHD (25%, 95%CI 16-36% vs 19%, 95%CI 11-29% in the Cryo and control groups, respectively, p=0.4708). Incidence of grade I GVHD (14.8% vs 13,5%, p=0.873) as well as the incidence of steroid-refractory GVHD (9.9% vs 9.9%, p=1.0) were also not different. The incidence of moderate and severe chronic GVHD was also comparable in the study groups: Cryo group, 29% (95%CI 17-42%) vs Control group, 30% (95%CI 14-48%), p=0.3918, Fig. 1B .
A significantly higher non-relapse mortality was observed for patients with cryopreserved graft: 45% (95%CI 34-56%) vs 28% (95% CI 18-39%), p=0.0145, Fig. 1C . However, the incidence of relapse was reduced the Cryo group: 21% (95% CI 12-30%) vs 34% (95% CI 23-45%), p=0.0481, Fig. 1D . This bidirectional differences resulted in absence of statistically significant impact of graft thawing on overall survival (37%, 95% CI 27-48% vs 44%, 95% CI 32-55% in the Cryo Figure 2 . Subgroup analysis of overall survival and control groups, respectively, p=0.2384, Fig. 1E ), EFS (35%, 95% CI 24-45% vs 40%, 95% CI 29-51%, respectively, p=0.38) and GFRS (19% ,95% CI 10-28% vs 25% , 95% CI 15-26, respectively, p=0.2041, Fig. 1F ).
The subgroup analysis of the OS outcome revealed no differences between cryopreserved and native graft irrespective of the conditioning intensity, graft source, age of the patients, underlying disease, status of the disease and type of donor (p>0.2, Fig. 2 ).
Complications of transplantation
In general, toxicity of HSCT was comparable between the groups (Fig. 3) , but we observed a significant increase in the incidence of acute clinically significant renal toxicity (30% vs 10%, p=0.0046). The mean maximal creatinine observed after HSCT was 143±108 vs 114±65 µmol/l in the Cryo and control groups, respectively. Borderline differences were observed in the incidence of sepsis before engraftment (24% vs 13%, p=0.0681) and severe sepsis before engraftment (17% vs 8%, p=0.0981). Although relatively high incidence of VOD (15%) for predominantly RIC regimen was observed in the Cryo group, the difference was not statistically significant.
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Discussion
In this well-matched cohort of patients, we have shown that the survival of patients after HSCT with cryopreserved graft is not significantly compromised. Also we have not observed any differences in the incidence of acute and chronic GVHD. These results are comparable to the ones previously reported by Medd et al. [11] , despite their cohort included predominantly matched related donors and PBSC only. Despite the comparable OS levels, we observed that NRM was significantly higher in the Cryo group, which was compensated by lower relapse risk. To our knowledge, this observation hadnot been previously reported in the literature.
The increment in non-relapse mortality was primary driven by higher incidence of graft failures. This corresponds to the data previously reported by M. Lioznov et al. [9] . In our study we observed increased incidence in the BM, but not in PBSC group. However, the number of graft failures in our dataset is relatively low to draw a definitive conclusion. Since primary graft failure is a multifactorial event [6] with significant impact of anti-HLA antibodies [15] , other antibody types [16] , microenvironment abnormalities, particularly in MDS and MPN [17] , and other potential factors, this difference in graft failure should be confirmed in large registry studies. Nonetheless, the current understanding of immune mechanisms behind graft failure might partially explain the increased Figure 3 . Complications of stem cell transplantation incidence of this complication after freezing the graft. The release of specific antigens during thawing, particularly from granulocytes, might trigger both the antibody-mediated and T-cell-mediated rejection [18] .
The other complication leading to non-relapse mortality was the tendency to higher incidence of sepsis. It is unlikely that the mechanisms behind this observation are related to the cryopreservation of the graft. It was rather due to difference between groups. For the majority of patients in the Cryo group, the reason for freezing the graft was an unexpected infection. This indicates that this group might have been more prone to infections. In allo HSCT recipients this is usually associated by iron overload [19] , and the groups were not matched by this parameter. Also the Cryo group included patients in whom the remissions were reinduced before HSCT, using high-dose cytarabine with fludarabine. This mode of chemotherapy is usually associated with relatively high incidence of bloodstream infections [20] , and recurrence of septic episodes after HSCT has previously been reported [21] .
The finding about reduced risk of relapse in the study group also lacks logical explanation, since the incidence of acute and chronic GVHD was not different between the groups, and it is hard to speculate about the augmentation of graft-versus-leukemia affect. Despite the groups were matched by the CLINICAL STUDIES disease type and stage, the abovementioned mechanism of re-induction close to the start of the conditioning might play a role. Although chemotherapy and conditioning were not sequential like in certain protocols for high-risk leukemia [22] , the factor of timing is likely to play a role in the observed results.
Conclusion
Despite certain differences between the groups compared and non-randomized study design, we have demonstrated that cryopreservation of allogeneic graft is a viable option in case of complications that increase the risk of HSCT, however the benefit from postponing a transplant should be weighed against the possible risk of primary graft failure. The results of the study require confirmation in the muticenter setting or in the studies with international registry data.
